The activity of the methylgalactoside transport system of E. coli is impaired upon treatment with 3-decynoyl-N-acetylcysteamine, an inhibitor of unsaturated fatty-acid synthesis. Treated cells are unable to be induced for permease activity, while transport sites synthesized before treatment show a regular loss of activity. The inhibition of methylgalactoside transport occurs at a step after translation of the galactose-binding protein, a component of the permease, and appears to be highly specific, since drug-treated cells show normal viability, protein synthesis, and membrane integrity when transport activity is greatly reduced. A second transport system, the galactoside permease, shows significantly less sensitivity to the inhibitor. That the activity of this permease is maintained in the presence of this inhibitor suggests that the inhibitor does not impair energy coupling.
The role of lipids in the biosynthesis of the thiomethyl galactoside transport system (TMGI) of Escherichia coli has been studied by means of auxotrophic mutants requiring either unsaturated fatty acids (1-)4 or glycerol (5) . Wild-type cells of E. coli can also be blocked in their synthesis of unsaturated fatty acids by use of 3-decynoyl-N-acetylcysteamine (DecAcCysN), an inhibitor of ,3-hydroxydecanoyl thioester dehydrase (6) (7) (8) . The effect of DecAcCysN in vivo appears to be specific, since protein synthesis is not affected during the first doubling of the bacteria (8) . The inhibitor is a useful probe into the interrelationship of transport and membrane composition, for normal cells before addition of the drug possess a normal complement of fatty acids, while auxotrophs, even when grown with an excess of the required component(s), do not (9) ; also, the inhibitor facilitates study of transport in a wide variety of bacterial genotypes.
We present here the results of experiments studying the effect of DecAcCysN on two transport systems, the TMGI and the methylgalactoside (MeGal) permeases, controlled by the lacY (10) and the mglP (11) genes, respectively. MeGal is particularly advantageous because we were able to study the effect of DecAcCysN on the galactose binding protein, which has been shown by genetic and biochemical evidence to be related to the MeGal permease (12, 13) . This binding protein is readily isolable (14) , and its activity can be specifically measured by an antibody-mediated increase in its binding capacity (15) .
MATERIALS AND METHODS
Bacterial Strains, M11edia, and Viability Assays. The bacterial strains, with their relevant genotypes, are listed in Table 1 . Bacteria were always grown at 370 in medium DM (17) with 0.4% lactate as carbon source. For induction, the cultures were grown in the presence of either 1 mM D-fucose or 0.5 mM isopropyl-l-thio-j8-D-galactopyranoside for MeGal or TMGI permeases, respectively.
For viability counts, the cells were diluted in broth and plated in soft-agar overlay (3 ml with 0.45% Oxoid Agar Agar no. 3) on agar plates at 0.9%; broth, overlay, and plates were all made with Bacto Antibiotic Medium 3. For S174, a mucoid strain, a second layer of soft agar (4 ml) added on top of that containing the cells retarded the appearance of mucous and facilitated counting.
Chemicals. We used both 3-decynoyl-N-acetylcysteamine (DecAcCysN), generously provided by K. Bloch, and DecAcCysN synthesized by a published procedure (18) .
The synthesis of D-[6-3H]fucose (1.1 Ci/mol) has been described (11 Isopropyl-l-thio-f3-D-galactopyranoside and D-fucose were obtained from Mann Research Laboratories, Inc.
Assay of Total Protein Synthesis. Duplicate samples of 1.2 ml were removed from cultures at 15-min intervals, mixed with a solution of chloramphenicol to obtain a final concentration of 50,ug/ml, and centrifuged at 12,000 X g for 5 min. The bacterial pellets were resuspended in 3 ml of ice-cold 10% trichloroacetic acid, left on ice for 20 min, centrifuged at 12,000 X g for 10 min, and resuspended in 3 ml of ice-cold 10%o trichloroacetic acid. The suspensions were then heated at 100°for 30 min, and filtered through Whatman glass-fiber papers (G F/A). The filters were washed three times with 3 ml (22) .
RESULTS
Preliminary Experiments. Deprivation of unsaturated fatty acids can result in cessation of protein synthesis and cell division, ultimately leading to cell death (23) . To determine the specific effect of inhibition of unsaturated fattyacid synthesis on active transport, such physiological damage must be avoided. We treated cells with 60 /dVM DecAcCysN (the maximum concentration used), and measured viability, total protein synthesis, and membrane-protein synthesis.
Viability. In Fig. 1 , optical density and viability of W4680 are presented as functions of time in the presence and absence of DecAcCysN. For about 80 min (one generation), the optical densities of cultures with and without DecAcCysN are indistinguishable; after this the rate slowed in the drugtreated culture. Viability, measured by ability to form colonies, was also equivalent in the two cultures, but only for 0.5 generations. After this time, a short initial period of slow decrease followed by an exponential decline was observed in the culture with DecAcCysN. In strains (S174 and S178) with longer doubling times in minimal medium than W4680, we observed a similar decrease in viability with DecAcCysN after 0.5 generation. In these assays we made no attempt to rescue inhibited cells by addition of unsaturated fatty acids.
Total Protein Synthesis. Measurements of protein synthesis lysis of the bacteria in a French pressure cell, the extracts Proc. Nat. Acad. Sci. USA 69 (1972) by the Lowry assay (19) of acid-precipitated material are also shown in Fig. 1 . The rate of synthesis in W4680 was not affected by the presence of DecAcCysN for at least 1 generation. These findings were corroborated by measurements of 35S incorporation into the acid-precipitable fractions of strains S174 and S178.
Membrane-Protein Synthesis. Although we could show that DecAcCysN has no immediate effect on general protein synthesis, the possibility remained that inhibition of unsaturated fatty-acid biosynthesis selectively prevents the synthesis of membrane proteins. We examined 35S incorporation into both the membrane and soluble proteins of cells grown with and without DecAcCysN ( Table 2 ). The proportion of new protein found in the membrane was equivalent in the two cultures for at least 1 generation.
Effect of DecAcCysN on Active Transport. As a result of the findings presented above, all our experiments on active transport were conducted for periods not exceeding 0.5 generations. Cell viability was assayed at the conclusion of each experiment (see figure legends) .
Induction. The effect of DecAcCysN on the induction of the TMGI and MeGal transport systems in E. coli W4680 is presented in Fig. 2 . At a DecAcCysN concentration of 45 ,AM, the permease systems were inhibited to significantly different extents: activity of the MeGal permease was decreased to below the level of the untreated uninduced cells, while activity of the TMGI was inducible in the presence of inhibitor to more than 50% of the control levels. Results identical to those in Fig. 2 were obtained at a DecAcCysN concentration of 60 ,M. These experiments were conducted with cells incubated for 15 min with DecAcCysN before addition of the inducers. We also found that TMGI activity in S174 (a strain with a constitutive MeGal and an inducible TMGI) could be induced to above 50% of control levels after 30 min in DecAcCysN.
The rapid initial effect of DecAcCysN on the MeGal system does appear to be due to inhibition of unsaturated fatty-acid synthesis, since when oleic acid (final concentration, 1 mM) was added simultaneously with the inhibitor, no decrease in MeGal activity was observed. DecAcCysN had no effect on the actual permease measurement, since samples from both the inhibited and At 15 min, the control and drug-treated portions were again divided, and the respective inducers were added (arrows indicate optical densities of the cultures at this time of addition). One portion each of the drug-treated and control cultures was also grown without any inducer. Samples were taken at the indicated times; bacteria were washed free of inducer and assayed for accumulation of substrate. MeGal activity in the induced (A, A) and uninduced (0,0 ) cultures was measured by the intracellular accumulation of [1-14C] (Fig. 3) . MeGal activity in the presence of the drug showed a constant rate of inhibition with respect to the increase in cell mass, 50O of the permease activity being lost after 0.5 doublings. MeGal activity in the control samples does not increase at the same rate as does cell growth (Fig. 3) , a phenomenon frequently encountered when cultures were used with more than 1.2 X 108 cells per ml (an OD650 greater than 0.08). To ascertain whether this slower rate influenced inhibition of the MeGal by DecAcCysN, we studied inhibition in a culture of ODuo0 = 0.03, where the permease activity corresponds to cell density. The rate and extent of inhibition were identical to that shown in Fig. 3 . In the experiment presented, TMGI activity in the presence of DecAcCysN showed no decrease after 45 min. We have found this lack of effect on TMGI maintenance in many experiments; however, in only a few instances was a decrease of up to 10%0 in TMGI activity-with respect to the control culture-observed after 0.5 generations with the inhibitor.
Galactose-Binding Protein. The effect of DecAcCysN treatment on the synthesis of the galactose-binding protein was tested. An exponentially growing culture of S174 (constitutive for the MeGal) was divided into three aliquots just before addition of the inhibitor; one of these aliquots was prepared immediately for the assay of the galactose-binding protein with no allowance for further growth, while the other two (drug-treated and control) were replaced for an additional 45-min incubation at 37°. Cell-free extracts made from these aliquots were diluted to identical A280 values, and the galactose-binding activities were assayed. We found that all three extracts, 0-time, DecAcCysN The inhibition of induction of MeGal activity during incubation with DecAcCysN must represent a block introduced after the translation step. Our measurements of the amounts of galactose binding protein, an essential component of the MeGal system* whose synthesis is coregulated with that of MeGal activity (13) , reveal that the biosynthesis of this protein can be induced in the presence of DecAcCysN. That induction leads to somewhat lesser amounts of binding protein when DecAcCysN is present may be explained by the reduced uptake of D-fucose, a specific substrate of the MeGal permease, by the cells.
That MeGal activity above the basal level is not restored on resumption of unsaturated fatty-acid synthesis in those cells induced in the presence of DecAcCysN indicates that the formation of functional transport sites requires simultaneous synthesis of unsaturated fatty acids and the MeGal component(s). A similar conclusion was reached by Fox, who studied TMGI induction in a fatty-acid auxotroph (1). It is thus necessary to postulate that induction in the absence of unsaturated fatty-acid synthesis leads to some irreversible association of a MeGal component in a defective complex, most likely involving saturated fatty acids. We cannot determine whether this association takes place on the membrane or in the cytoplasm, and if in the cytoplasm whether such a defective complex is incorporated within the membrane.
A recent study of the phase transitions of TMGI activity suggests that the fatty-acid environment of TMGI transport sites is somehow determined by the availability of fatty acids during cell growth, changing as the cells are supplied with different fatty acids (4). Our findings that the maintenance of activity of previously existing MeGal transport sites requires unsaturated fatty-acid synthesis may reflect a displacement at such sites of those lipids bearing saturated fatty acids. Furthermore, if the irreversibly defective transport complex induced in the presence of DecAcCysN is at some time part of the membrane, such a displacement of the lipids influencing transport sites must be a one-way process, i.e., lipids with saturated fatty acids can displace, but cannot be displaced by, those with unsaturated fatty acids.
In our hands the TMGI system displays less of an effect with inhibition of unsaturated fatty-acid synthesis than was previously described for a fatty-acid auxotroph (1).
Another independent group has observed no effect of DecAcCysN on TMGI induction before the general cellular damage described above (4) . This disparity may be due to differences in strains, conditions of study, or some composite effect found on starvation of the auxotroph, but not on treatment with DecAcCysN 
